A family of fully automated digital whole sky imagers (WSIs) has been developed at the Marine Physical Laboratory over many years, for a variety of research and military applications. The most advanced of these, the day/night whole sky imagers (D/N WSIs), acquire digital imagery of the full sky down to the horizon under all conditions from full sunlight to starlight. Cloud algorithms process the imagery to automatically detect the locations of cloud for both day and night. The instruments can provide absolute radiance distribution over the full radiance range from starlight through daylight. The WSIs were fielded in 1984, followed by the D/N WSIs in 1992. These many years of experience and development have resulted in very capable instruments and algorithms that remain unique. This article discusses the history of the development of the D/N WSIs, system design, algorithms, and data products. The paper cites many reports with more detailed technical documentation. Further details of calibration, day and night algorithms, and cloud free line-of-sight results will be discussed in future articles.
Introduction
A family of fully automated digital whole sky imagers (WSIs) has been developed over the last three decades at the Atmospheric Optics Group (AOG), Marine Physical Laboratory (MPL), Scripps Institution of Oceanography (SIO), at the University of California San Diego [1, [2] [3] [4] [5] [6] [7] . These imagers are ground-based sensors that acquire digital imagery of the full sky down to the horizon in several spectral bands, in order to detect the presence and distribution of clouds. This development culminated in the day/night whole sky imagers (D/N WSIs) that automatically acquire high-quality digital imagery of the sky under all conditions, including full sunlight through moonlight and starlight conditions. The first of the WSIs was fielded in 1984 [4] , followed by the D/N WSIs in 1992 [8] [9] [10] . The digital images, when combined with appropriate algorithms, provide assessment of cloud amount and location within the scene. The original day WSIs provided cloud assessment during the daytime [3] . The D/N WSIs also provide cloud assessment at night [7] . A sunset algorithm, although feasible, was not completed. The D/N WSIs can also be used to provide absolute radiance distribution and related atmospheric parameters. They distinguish between optically thin and opaque clouds in both day and night imagery, and at night they also provide cloud optical depth.
The WSIs were initially developed in support of research into cloud free line of sight (CFLOS) statistics and their impact on ground-based laser weapon applications [11, 12] . Previous studies used models based on quite old CFLOS data and models based on satellite data [e.g., 13, 14] . Each of these approaches had limitations. For example, the model based on satellite data was limited because a directional line of sight from a ground-based site is required, and this information normally cannot readily be obtained from satellite data due to the acquisition angles. Due to the different geometry, satellites do not provide cloud distribution within the hemispherical field of view of a ground-based radiation sensor.
As the systems continued in development, many more applications evolved. These have included: support of military test sites and satellite tracking stations [15, 16] ; experiments related to studies of laser communication [6, 7] ; support of global climate research [17] ; research related to the impact of ozone on the ultraviolet (UV) radiation [5, [18] [19] [20] ; studies of ceilometer accuracy; and determination of CFLOS statistics for airborne laser applications and other applications [21, 22] . For some of these applications, data were processed in archival mode, and in other cases the algorithms provided results in real time.
Since at least the mid-to-late 1990s, several groups have developed multispectral digital sky imagers for a variety of uses. An example of a day imager is the total sky imager (TSI) [23, 24] using a silvered mirror and a color digital camera system. This system uses 8 bits in each of three colors, and is commercially available. (The D/N WSI uses 16 bits in each of four selectable wave bands.) In the late 1990s, the AOG developed a second generation daylight sky imager, called the daylight Visible/NIR WSI (VN WSI), for support of the UV applications mentioned above [5] . We will designate this day VN WSI to distinguish it from the day WSIs the AOG fielded throughout the 1980s. Day-only sky imagers have been developed by other groups for a variety of applications [25] , including solar energy applications [26] , mostly within the last decade. Many of these systems use algorithms based on the red/blue ratio [23, 24, 27] that was first implemented in the original AOG day WSI cloud algorithm in the 1980s [1] . For night use, at least one other group developed a visible system that can be used under starlight conditions [28] . Others have been working to develop D/N systems working in the thermal infrared (IR) [29, 30] . However, we are not aware of any instruments other than the D/N WSI discussed here that can yet acquire both day and night cloud images in the visible and/or near infrared (NIR) wave bands, nor in our opinion provide cloud assessment with such accuracy at such a broad variety of locations.
Although this work has been published in many reports, it has not been readily accessible in the open literature. This paper will provide an overview of the development of the AOG WSI systems, provide detailed references, and give a brief discussion of other related capabilities. Emphasis is given to the description of the D/N WSI hardware systems. The radiometric calibrations, day cloud algorithms, night cloud algorithms, and other data products such as CFLOS computations will be briefly described here, and will be discussed in more detail in future articles.
Development of the WSI Concept and Related Systems
This section provides an overview of the development of systems that led to the D/N WSI, as well as an overview of the history of the cloud algorithms. The AOG used all-sky cameras using film and a silvered mirror in the 1960s in support of its atmospheric optics research. A film-based all-sky camera in use by the AOG in a 1963 deployment is shown in Fig. 1(a) . Beginning about 1970, downward-and upwardlooking sky imagers using a fisheye lens and film were used in support of the AOG's airborne programs. McGuffie and Henderson-Sellers [31] provide an overview of film-based whole sky imagers developed by other groups and used in the late 1980s.
A. Day WSI Development
The first digital WSI systems developed by the AOG were developed and deployed in the early 1980s. The original concept for the development of the day WSI in the AOG evolved out of the group's measurement and modeling program using multiple sensors for monitoring sky radiance distribution, atmospheric scattering coefficient profiles, and other parameters related to vision through the atmosphere [32] [33] [34] .
(At that time, AOG was part of SIO's Visibility Laboratory, and it later became part of SIO's Marine Physical Laboratory, upon the closure of the Visibility Lab.) The first automated day WSIs were conceived by AOG as combining the features of the all-sky cameras [ Fig. 1(a) ] with the scanning radiometer systems that provided measurements of sky absolute radiance distribution.
The first day WSI systems developed by AOG used charge injection device (CID) solid-state imagers and a fisheye lens [11] . A system was fielded at White Sands Missile Range in 1984 for a 24-day deployment [2] . This system acquired digital images at blue (450 nm) and red (650 nm) wavelengths, as well as blue and red images offset with a neutral density (ND) filter to extend the effective dynamic range. This system was semiautomated. Cloud algorithms based on the red/blue ratio at each pixel were developed based on these 1984 data [2, 11] . To the best of our knowledge, this system was the first digital WSI that was developed. The day WSI system was hardened as shown in Fig. 1(b) and fully automated, and fielded at seven sites starting in 1988 [2, 3, 12] . It used a fisheye lens, an optical filter changer, relay optics to provide the proper image size and image-plane location, and an equatorial sun occultor to provide shading for the fisheye lens. The sealed camera housing shown in Fig. 1(b) enabled the optics to be nitrogen purged and protected. Images of the sky were acquired at several sites at 1 min intervals for over 2 years. A sample raw image and the resulting cloud decision image are shown in Fig. 2 . In these images, the zenith sky is the center of the image, and the edge of the horizon is just above the edge of the image. The image in Fig. 2 was acquired at Columbia, Missouri. Other day WSI's were sited at locations in Florida, Montana, and four sites in the Southwestern U.S.
Early versions of personal computers, in conjunction with an electronics package designated the Accessory Control Panel, enabled either manual or automated control of the lens iris, filter changer, and solar occultor. The automated control algorithm determined the optimal exposure, iris settings, and appropriate solar occultor settings; and provided hardware control, and image acquisition and archival. The data were saved to tape drives, and the archived data were processed through quality control (QC) programs, and then processed to yield cloud decision images [12, [35] [36] [37] , in which each pixel is identified as opaque cloud, thin cloud, no cloud, or no data. The instrument capabilities were first published in 1987 [1, 11] , and later references [2, 3, 12] are more complete.
B. Day WSI Cloud Algorithms and Database
The cloud algorithm initially developed in 1984 and improved over the subsequent years was based on ratios of red and blue images. Imaging algorithm studies at AOG revealed that although radiance and edge information were useful, the spectral information characterized by the red/blue ratio was most useful in development of the cloud algorithm for opaque clouds. During the following years of development in the 1980s, techniques for radiometric calibration of these imaging systems were developed. Nonlinearities in the CID camera response were measured and corrections applied as part of the cloud decision algorithm. Methods for determining the angular calibration for each pixel were developed, and the occultor was masked in the cloud decision image. The algorithm used a fixed red/blue ratio to identify opaque clouds. The thin cloud algorithm used a more sophisticated approach based on a comparison with cloudless days, and taking into account variations in haze [35] . These developments are discussed in more detail in the section on the development of the D/N WSI algorithms, since many of the features are used for both instruments. The daytime algorithms for opaque clouds based on the red/blue ratio were developed by 1986 [1, 2, 11, 12] . The thin cloud algorithm was used in the late 1980s and first discussed in publications in 1990 [3, 35, 36] .
The day WSI was used for a number of years in support of field tests, and to acquire a database of cloud data [37] that has been used to evaluate CFLOS statistics [21, 38] . Out of this database, 96,000 images have been fully processed to yield cloud decision images at full spatial resolution, and approximately 10 times this number have been processed at reduced spatial resolution. This processed database consists of 2 years of data from each of four sites. The resulting CFLOS statistical analysis has since then been supplemented with D/N WSI data [21, 22, 39] .
C. Day/Night WSI Development
Following the development of the day WSI, development was begun by the AOG on a D/N WSI system in 1991, in order to achieve full 24-h coverage. The first D/N WSI was deployed in 1992 [8] [9] [10] . During the period since the early 1990s the D/N WSI instruments continued to evolve in capability [4, 17, 21, 38, 40, 41] , and sophisticated cloud algorithms for daytime, moonlight, and starlight were developed and used to process a significant dataset [6, 7, [42] [43] [44] [45] [46] . The D/N WSI will be discussed in the remaining sections of this paper. The day VN WSI is not discussed further in this article, but is discussed in other references [5, [18] [19] [20] .
Day/Night WSI System Design and Operation
The D/N WSI was funded jointly by several sponsors with somewhat diverse applications. As a result it was designed to be very flexible in supporting several field applications. The most important hardware design goal was to acquire quality imagery of the sky under all conditions, day and night. From this imagery, the analysis design goal was to provide automated algorithms for detection of clouds in the scene, and absolute radiance distributions over the full sky if desired. All of these goals were met, except that the sunrise/sunset cloud algorithm looked feasible but was not developed due to other priorities.
One of the D/N WSI systems is shown in Fig. 3 . The large semicircle is the solar/lunar occultor, which will be discussed later. The white box is the environmental housing. The optical dome may be part of the sky between stars on a moonless night at our darkest sites.
The D/N WSI is fully automated, and acquires data continuously 24 h a day. It has been environmentally hardened and been used in the desert, the Arctic, tropics, and other environments. The lens covers the full upper hemisphere, down to just below the horizon (with a field of view of approximately 181.5 deg).
A. D/N WSI Hardware Description
Perhaps the most important component in the D/N WSI is the sensor. We initially experimented with a variety of image intensifiers; however, we found that the images were too noisy and unstable for our purposes. Instead, the system was designed around a Photometrics slow-scan 16 bit charge coupled device (CCD) camera. Early generations of the D/N WSI used the Series 200 Photometrics camera, and later ones used the Series 300. These cameras have over 65,000 gray levels, and a readout noise of less than one count, for a dynamic range of approximately 4.8 logs (10 4.8 ) within a single image. This camera has a three-stage Peltier cooler on the chip, and is cooled to approximately −40°C, so that it has very low thermally generated dark noise. There is no automatic gain or automatic white balance, because it would be very difficult to calibrate the camera if it had these features.
The exposure can be varied over a wide range. We typically used exposures of 100 ms for daytime images, and 60 s for night images in the open hole filter (discussed below). The shutter timing was found to be consistent to within 1 ms or better. By using a minimum exposure of 100 ms, we ensured that we were not introducing error due to the shutter timing uncertainties. By using a maximum exposure of 60 s, we minimized the impact of cloud motion. The change from 100 ms to 60 s exposures gave us an additional factor of 600 or 2.8 logs of dynamic range. Also, in calibration measurements, we found that the response was very consistent on repeat measurements and linear with both radiance and exposure changes, although we did have to make a correction to exposure to correct for the shutter opening time. The system used a Uniblitz VS25 mechanical shutter. A mechanical shutter avoids problems inherent to many cameras with electronic shutters, such as electronic readout smear. The mechanical shutter also enabled the acquisition of frequent dark images in the field for correction of the raw imagery.
The front optics consisted of a Nikon FisheyeNikkor 8 mm f ∕2.8 lens. It was chosen for its large throughput, to support night data acquisition, and its full hemispherical view. It was protected by an acrylic or glass dome. The custom glass domes used on some of the systems were considerably more costly, but the off-the-shelf acrylic domes used on other systems were more subject to scratching due to improper cleaning. Behind the lens was a dual-wheel filter changer designed and built by the AOG. This filter changer has one wheel with spectral filters, and a second wheel with ND filters. The spectral filters are normally blue (450 nm), red (650 nm), NIR (800 nm), and open hole (glass blank) for use at night. The ND wheel contains a selection of ND filters that reduce the flux levels by 0, approximately 2, or approximately 3 logs. Blank trim filters were included as necessary so that all selections had virtually the same physical thickness and thus the same image plane location. We gained an additional 3-log dynamic range by changing ND filters, and we gained an additional 0.6-log dynamic range by changing from the spectral filters in daytime and moonlight to open hole under moonlight and starlight. 
yields approximately 11.2-log dynamic range of the system. (This can vary slightly from one system to another, so we normally reported a dynamic range of over 10 logs.) That is, within a single image the dynamic range was 4.8 log, but within the full system as built, the dynamic range was well over 10 logs. The dynamic range could be further extended with either shorter or longer exposures outside the 100 ms to 60 s range, but we did not find this to be necessary. Daytime clouds near the sun were rarely if ever off-scale bright. As noted earlier, at night under starlight, the darkest part of the sky between clouds typically had an SNR of about 40∶1 at the darkest sites (taking into account readout, dark, and shot noise).
One of the critical issues in WSI design was getting the full image onto the chip. Current versions of the D/N WSI use a fiber-optic taper bonded to the chip. This bonding was done by Photometrics, using interferometry to match the shape of the bonded end of the fiber-optic taper to the nearly flat shape of the CCD chip. The taper was used because the CCD chips available at the time had much smaller dimensions than the lens output images. Also, we wanted to use the full back focal length of the lens for filters. The bonded taper both magnifies the image plane for compatibility with the Nikon lens image, and brings the image plane up out of the camera to allow room for both filter wheels and the shutter. Larger chips, as well as custom fisheye lenses, offer alternate approaches at the present time, and we have substituted relay optics effectively in the day VN WSI system. With both the current D/N WSI and the day VN WSI, we developed techniques for measuring the defocus, or point spread function, and found it to be approximately 0.5 pixel or better (i.e., less) over all regions of the image.
Like the old day WSI, the D/N WSI uses a sealed and nitrogen-purged camera housing. The housing is a 10 00 diameter o-ring-sealed housing that holds the lens, filters, and upper half of the camera. A custom o-ring in the camera body permits the housing to be sealed, while allowing the back end of the camera to extend beyond the housing for easy access to the cooling ports. This generation of the camera requires liquid cooling, as well as a camera electronics unit near the camera body. An environmental housing protects and cools these additional elements. The environmental housing is the large white box seen in Fig. 3 . With this environmental housing, WSI units have operated for extended periods in harsh environments, such as the desert and the Arctic. There are transducers inside the housing that monitor the environmental housing temperature, camera housing temperature, CCD chip temperature, coolant flow rate, and camera housing pressure. If any of these indicators fall below optimal thresholds, the user is alerted and the information is saved to QC files and image headers. If critical indicators fall below safe levels, the camera is automatically turned off by the computer to protect it, and then turned back on when the indicators recover. This happened rarely, but was an important safety feature.
The solar/lunar occultor provides full shading of the front optics including the dome, in order to minimize stray light. A much smaller shade could protect the CCD from blooming due to direct sunlight. Shading the full extent of the front optics minimizes stray light contamination in the remainder of the image.
[This is one reason the WSI does not use a silvered mirror instead of a lens. As can be visualized from Fig. 1(a) , it is typically not feasible to shade the full mirror, so only secondary optics, i.e., the camera lens and internal surfaces, are shaded in systems using hemispherical mirrors.] The D/N WSI sun shade is fitted with a 4-log ND filter to enable detecting the actual solar position. We used the Nikon lens in order to have a large front aperture, but the price we pay for this is that the lens shade must be large. Thus, the shade must be held at a reasonably large distance from the lens so that it does not obscure excessive fractions of the sky dome.
It is as important to shade the moon as it is to shade the sun, since its brightness relative to the sky radiance is often equivalent to the brightness of the sun relative to the daytime sky radiance. The day WSI's occultor depended on a single equatorial drive to adjust to time of day, and it required different length arms that needed changing every 3 weeks to 3 months to adjust for changing solar declination. With a D/N system, it is necessary to adjust from the solar declination to the lunar declination every sunrise and sunset. Thus it was necessary to build an occultor that includes two drives, or degrees of freedom. This is achieved with an arc that moves from east to west, and a chain-driven "trolley" that holds the sun shade and moves from north to south. In particularly difficult environments such as the Arctic, a larger fixed shade replaced the trolley. The size of the shade was site-specific, and designed to cover the maximum motion of the sun and moon for that site. Although having an occultor adds to the cost and obscures a small fraction of the sky, for our applications it was important, as it provided more accurate results over most of the sky, especially in the solar aureole regions just beyond the occultor shade.
The D/N WSI hardware design provided many advantages. In comparison with many daytime systems, stray light was minimized both over the whole sky and near the sun, and data were not off-scale bright near the sun. As a result, we were able to develop algorithms that work well even in the difficult region near the sun. Because the camera had such low noise, and the system had excellent throughput, we acquired excellent imagery at night and were able to develop high-quality nighttime cloud algorithms. The ability to include a variety of filters including an NIR filter enabled us to provide better detection of thin clouds and to distinguish between thin clouds and haze both day and night. In comparison with IR systems, we were not plagued by water vapor signatures that can be very difficult to distinguish from thin clouds in haze. The trade-off was that it is not inexpensive to build systems with these qualities. Clearly decisions regarding the importance of the cost-quality trade-off will depend on the applications and the needs of sponsors.
B. D/N WSI Control System
The WSI control software controls the filter changer, occultor, camera, and exposures. A global positioning system (GPS) was integrated into the system to determine time and location. This information was fed into the occultor logic, as well as a flux control algorithm (discussed below). The control software also monitored the environmental housing transducers, and provided a number of other system assessments designed to automatically QC the state of the instrument and imagery. On the fully mature systems, the monitor display showed green, yellow, or red indicators to indicate system status and provide convenient on-site feedback. Image headers were used to save a record of all instrument settings as well as QC results within each image.
The flux control algorithm was designed to select appropriate exposures and filters in order to keep the acquired images well on-scale. With earlier day WSI systems, we found we had to use a "responsive" flux control logic, in which a nominal exposure and gain or f ∕stop setting (depending on the hardware) was tested, and then modified as necessary depending on the current weather conditions. We found that the D/N WSI with its 16 bit sensor had sufficient dynamic range to acquire quality images under all weather conditions, as long the system was adjusted for the time of day. Thus, a "predictive" flux control algorithm was developed based on the calculated solar and lunar zenith angles, moon phase, and moon relative brightness. The algorithm was based in part on previous measurements of total illuminance for sunlight, full moon, and starlight [47] ; studies of diffuse versus total illuminance [48] ; and studies of moon relative brightness [49] ; along with analysis of D/N WSI field data. D/N WSI calibration measurements were analyzed to determine the necessary system setup changes to respond to the predicted changing flux levels.
In the field, the GPS provided the time and location, and the algorithm computed the solar and lunar positions, and the lunar relative flux based on moon phase and earth-to-moon distance. Using this information, the flux control algorithm chose the appropriate selection of exposure and filters. During daytime, exposures of 100 ms with a 3-log ND filter were used. As the solar zenith angle increased toward sunset, the exposures were increased, until the system switched to short exposures and a 2-log ND filter. Additional exposure, ND filter, and spectral filter changes responded to the changing source parameters. Under starlight, the system used no ND filter, exposures of 60 s, and an open-hole configuration with no spectral filter. The added use of a 4-log ND filter in the occultor to attenuate the direct view to the solar or lunar disk nearly always resulted in the data being on-scale over the full range of conditions.
C. D/N WSI Deployments
Over the years, the D/N WSI systems were deployed at approximately 15 sites, for a number of sponsors mentioned earlier. For some sponsors, we were not permitted to install the instruments at the sites or do routine inspections, and this resulted in less reliability than we were comfortable with. However, for sponsors who permitted our group to install the instruments and do yearly inspections, the instruments were quite reliable. Typically, routine inspection was performed every few weeks by on-site personnel, and minor repairs or adjustments were required once or twice a year, depending in part on problems like lightning strikes. The weakest components were the occultor trolley, which required occasional adjustment, and the shutter, which required occasional replacement (with replacement needed every 2-5 years). Also, on systems with an acrylic dome, replacement was required every 1-5 years.
Overview of D/N WSI Data Products and Algorithms
A number of data products have been developed for the WSI. The most important of these are the cloud algorithm results. In the present article, we will provide a very brief overview of the algorithms and data products. We plan to publish more detailed descriptions of the calibrations, day and night algorithms, and derived CFLOS statistics in the future. We will only discuss the algorithms that our group developed, as opposed to algorithms that other groups might have developed for these instruments. We will be discussing the final generation of algorithms [7] .
A. Daytime Cloud Algorithms
Initial cloud algorithms used a fixed threshold for red/blue calibrated ratio [35] . This worked best for optically opaque clouds. By the late 1980s, AOG was developing an algorithm to better account for variations in thin cloud spectral signature [36] . The thin clouds were found to behave as a perturbation with respect to the clear sky background ratio. That is, the red/blue ratio for a clear sky varies with look angle and solar position, tending toward higher ratios near the solar aureole and near the horizon. We found that thin clouds that appear uniform, such as contrails that extended over wide angles, were characterized by a red/blue ratio about 20% higher than the background clear sky ratio. A technique was developed for extracting a clear sky background ratio that depends primarily on instrument site, solar zenith angle, look angle, and haze amount. In the day WSI, the background ratio was then adjusted on a day-to-day basis to adjust for relative haze amount. The field image ratio was then divided by the appropriate haze-adjusted background ratio, to create a "perturbation" ratio, which represents the fractional change of the current sky red/blue ratio with respect to the clear sky red/blue ratio. This perturbation ratio was thresholded to determine the presence of thin clouds. A sample day WSI cloud algorithm result is shown in Fig. 2 .
The D/N WSI algorithm for identifying clouds in the daytime is based primarily on the day algorithm, but it has significant improvements. The algorithm makes calibration corrections, to correct for hardware artifacts. Opaque cloud detection is now based on a NIR/blue ratio threshold. Thin cloud detection is based on a perturbation ratio which is a comparison between the NIR/blue ratio image and a composite clear sky NIR/blue ratio image. The composite clear sky ratios, extracted for each site, were stored as a function of solar angle and look angle. The daytime cloud algorithm for the D/N WSI also includes an automated adaptive algorithm feature that invokes spatial variance to determine an image-by-image adaptive adjustment for haze amount [6, 7] . That is, the algorithm automatically adjusts for variations in the aerosol or haze.
Two daytime cloud algorithm results with their raw images are shown in Figs. 9 and 10. In these images, pixels identified as opaque cloud, thin cloud, no cloud, and no data, are colored gray-to-white, yellow, blue, and black, respectively. The structure within each category in the cloud algorithm image is only intended to be an aid in evaluating the results. For example, within the opaque cloud, the colors vary from gray to white in the display. Note in particular the ability of the algorithm to detect thin clouds quite well. Generally, there is very little bias as a function of scattering angle from the sun with this algorithm. Also, note the ability to extract very small clouds, all the way to the horizon.
B. Night Cloud Algorithms and Beam Transmittance
The D/N WSI algorithm for identifying clouds at night is based on the detection of stars and the absolute radiance distribution over the sky. The earth-to-space beam transmittance is determined for approximately 100-200 stars. Star locations are determined with the aid of a very accurate angular calibration and the use of a bright star catalog [50] . The catalog is further used to provide anticipated star magnitude and color temperature, which are required for the determination of the beam transmittance. These transmittances are used to assess whether there are no clouds, thin clouds, or opaque clouds in the direction of each star.
This initial step provides an assessment in the direction of the selected stars. To provide full resolution assessment, we use the measured absolute radiance. The sky absolute radiance distribution is mapped for regions in the image with either opaque cloud or no cloud, for both moonlight and starlight. The moonlight maps are a function of moon phase and relative brightness, and the starlight maps are a function of hour angle. Both vary with source position and look angle. These radiance maps are then used to determine the presence of clouds on a pixelby-pixel basis. A pixel is interpreted to be covered by thin cloud when the absolute radiance lies between that of opaque cloud and that of clear sky. An adaptive algorithm feature also adjusts for haze amount on an image-by-image basis. The nighttime cloud algorithm also accounts for increased radiances in the Milky Way. Both the beam transmittance distribution and the cloud algorithm result were provided as processed data products [6, 7] . As mentioned earlier, the algorithms will be discussed in more detail in future articles. An example of the cloud algorithm result under moonlight is shown in Fig. 11 . In the upper image, the earth-to-space beam transmittance distribution is superimposed on the raw image. In the lower image, the cloud algorithm result is shown. Here grayto-white indicates a determination of opaque cloud, green indicates thin cloud, blue indicates no cloud, and black indicates no data. As is typical with automated cloud detection schemes, the nighttime cloud algorithm is not perfect, but it generally does a very nice job under all conditions. It does require a fair amount of data analysis in order to set up the data for processing, but once the inputs are set up the data can be processed automatically.
Comparison with Related Cloud Detection Approaches
This article is not intended to provide a general overview of the pros and cons of the various sky imagers that have been developed. However, some brief comments are in order. The D/N WSI is the only visible sky imaging system we are aware of that acquires quality data under daylight, moonlight, and starlight conditions. In comparison with the TSI and other day-only systems we are aware of, the D/N WSI has much larger dynamic range, and much better stray light blocking, with the result that better data near the sun are acquired. The D/N WSI uses an NIR filter, in order to optimize thin cloud detection. And the algorithms are generally quite sophisticated due to the years of work in the field.
In comparison with the visible night systems, the D/N WSI has the advantage of providing both day and night detection, including moonlight as well as starlight. The thermal IR systems seem promising, but analysis [46] showed that automated cloud algorithms would be problematic in the IR, in part due to the difficulty in distinguishing very thin clouds from water vapor in the IR, particularly at low-altitude and coastal sites. Also, IR systems seem unlikely to provide earth-to-space beam transmittance. The D/N WSI provides beam transmittance and optical density for clear or hazy sky and through thin clouds at night. Concepts for providing optical density in the daytime were also developed by AOG and look practical, but the methods were not completed due to other priorities. On the other hand, the D/N WSI is more costly to produce than other systems.
Cloud lidars and cloud radars can be extremely useful in cloud studies, but cannot achieve the simultaneous 100,000 measurements over the full sky that the WSI can. Satellites obviously provide tremendous information regarding cloud cover, but limited temporal and spatial resolution makes their use unsatisfactory for some applications. Also, if a given directional line of sight from a ground-based site is required, this information often cannot readily be obtained from satellite data due to the acquisition angles. Additionally, due to the different geometry, satellites do not provide cloud distribution within the field of view of a ground-based radiation sensor.
Clearly the system to use in cloud studies depends on the application, technical requirements, and cost considerations. We believe the D/N WSI is unique in providing high-quality data "24∕7", with excellent raw data as well as accurate cloud algorithms results for day and night. Its ability to acquire data over the whole sky down to the horizon under all conditions makes it a valuable instrument for a variety of applications. The systems are not currently available, but we hope to provide sufficient details in future articles that the concepts can be used by other researches for applications in the future.
Related Developments at MPL
Several related hardware developments at MPL were based in part on the day WSI and the followon D/N WSI work. These included a system that provided real-time cloud algorithm results in the late 1980s [35] , and systems for determining visibility along extended paths through the atmosphere in the early 1990s [51, 52] . In the late 1990s, a new daytime VN WSI was developed at MPL to replace the dayonly WSI with more modern capabilities [5, [18] [19] [20] . This system was developed for the German Weather Service, Deutsche Wetterdienst, in support of cloud and sky radiance studies. It acquires data at higher bit density and spatial resolution and in more spectral bands than the previous day WSI, and uses more modern CCD and computer technology.
In the early 2000s, visible and short-wave IR airborne sensors were developed by the AOG to provide calibrated radiances in the lower hemisphere in the visible at 645 nm and in the short-wave IR at 1610 nm [53] . These systems used fisheye lenses and a single spectral filter in each sensor system. Also in the early 2000s, the AOG began development on improved visibility systems [54] . More recently, two updated visibility imaging sensors, the multispectral scattering imager and the short-wave IR extinction imager have been developed at MPL using similar concepts to the earlier visibility system, but with updated hardware and more sophisticated algorithms [55] . Also, in the early 2000s, the AOG developed and patented the concepts for a zooming fisheye sensor that would enable one to obtain a full hemispherical view while simultaneously using behindthe-lens optics to provide optically zoomed images of selected regions of the image [56] .
We would also like to mention related analytical work by others in conjunction with the AOG group. Early work in the use of stereoscopy techniques with paired WSI systems [57] was limited due to slow computer speed; however, more recent approaches [58] show promise. Also, D/N WSI data calibrated for absolute radiance were used to develop methods for extracting aerosol optical depth in the daytime [59] . Fairly extensive analysis of the algorithms, CFLOS results, and other related data analysis are included in many of the WSI references listed earlier.
Summary
This article provides an overview of the development of digital and automated WSIs at the MPL with a particular emphasis on the D/N WSI. The original day WSI systems were developed in the early 1980s, and we believe they were the first multispectral digital WSIs developed. The red/blue cloud algorithm technique was also developed in 1984, and has been used by many other groups since that time. The D/N WSI systems were developed in the early 1990s, and are still unique in their capability of measuring clouds in the visible 24 h a day. Sophisticated and reasonably accurate algorithms for both day and night were developed, and include adaptive algorithm features to correct for haze amount. These cloud algorithms detect opaque and thin clouds day and night. Methods to determine beam transmittance were also developed for nighttime imagery. Preliminary analysis showed that methods for determining beam transmittance in the daytime and for developing cloud algorithms for sunrise/sunset are feasible. These very capable instruments and their sophisticated algorithms have been used for many programs, in support of a variety of test sites and research objectives.
